Objective-In addition to their role in programmed cell death, cell survival, and cell growth, sphingolipid metabolites such as ceramide, sphingosine, and sphingosine-1-phosphate have vasoactive properties. Besides their occurrence in blood, they can also be formed locally in the vascular wall itself in response to external stimuli. This study was performed to investigate whether vasoactive compounds modulate sphingolipid metabolism in the vascular wall and how this might contribute to the vascular responses. Methods and Results-In isolated rat carotid arteries, the contractile responses to angiotensin II are enhanced by the sphingosine kinase inhibitor dimethylsphingosine. Endothelium removal or NO synthase inhibition by N -nitro-Larginine results in a similar enhancement. Angiotensin II concentration-dependently induces NO production in an endothelial cell line, which can be diminished by dimethylsphingosine. Using immunoblotting and intracellular calcium measurements, we demonstrate that this sphingosine kinase-dependent endothelial NO synthase activation is mediated via both phosphatidylinositol 3-kinase/Akt and calcium-dependent pathways. Conclusions-Angiotensin II induces a sphingosine kinase-dependent activation of endothelial NO synthase, which partially counteracts the contractile responses in isolated artery preparations. This pathway may be of importance under pathological circumstances with reduced NO bioavailability. Moreover, a disturbed sphingolipid metabolism in the vascular wall may lead to reduced NO bioavailability and endothelial dysfunction. (Arterioscler Thromb Vasc
S phingolipids such as sphingomyelin are a major constituent of cellular plasma membranes. Various stimuli activate enzymes involved in the sphingolipid metabolism. Sphingomyelinase catalyzes the hydrolysis of sphingomyelin to form ceramide. 1, 2 The sequential action of ceramidase and sphingosine kinase converts ceramide to sphingosine and sphingosine-1-phosphate (S1P), and ceramide synthase and S1P phosphatase can reverse this process to form ceramide from S1P. 3, 4 The sphingomyelin metabolites ceramide, sphingosine, and S1P are biologically active mediators that play important roles in cellular homeostasis. In this regard, ceramide and sphingosine on the one hand and S1P on the other hand frequently have opposite biological effects. For example, ceramide and sphingosine are generally involved in apoptotic responses to various stress stimuli and in growth arrest, 5, 6 whereas S1P is implicated in mitogenesis, differentiation, and migration. 7, 8 This homeostatic system is frequently referred to as the ceramide/S1P rheostat. 9 It can be hypothesized that this rheostat also plays a role in vascular contraction and relaxation because S1P, sphingosine, and ceramide are potentially counteracting, vasoactive compounds. 10, 11 The molecular basis of ceramide effects has not been explored fully but is believed to involve stress-activated protein kinases, protein phosphatases such as protein phosphatases 1 and 2, guanylyl cyclase, and charybdotoxinsensitive K ϩ channels. 11, 12 The molecular basis of S1P effects has been characterized in more detail. S1P can act on specific G protein-coupled receptors, of which 5 subtypes have been identified thus far, termed S1P [1] [2] [3] [4] [5] . These receptors couple to intracellular second messenger systems including intracellular Ca 2ϩ , adenylyl cyclase, phospholipase C, phosphatidylinositol 3 (PI3)-kinase, protein kinase Akt, mitogen-activated protein kinases, and Rho-and Ras-dependent pathways. 13 The cardiovascular system primarily expresses the receptor subtypes S1P 1-3 , and within the vasculature they are expressed in both vascular smooth muscle and endothelial cells. 14 S1P can cause elevation of intracellular Ca 2ϩ in both cell types, 10, 15, 16 which is likely to be the basis of contractile effects in smooth muscle but can also cause smooth muscle relaxation via activation of endothelial NO synthase (eNOS) and subsequent production of NO. 17 Physiologically, the vascular wall is exposed to S1P as a constituent of HDLs 18, 19 or on its release by activated platelets. 20 The experimental addition of exogenous ceramide or S1P imitates this. However, studies in several cell types and tissues demonstrate that various stimuli can elicit local ceramide and S1P formation, which then act in an autocrine or paracrine manner. 1, [21] [22] [23] Therefore, it was the aim of the present study to determine whether known vasoconstrictive compounds may exert their vascular effects at least in part by modulating the ceramide/S1P rheostat. For this purpose, we have used the specific sphingosine kinase inhibitor dimethylsphingosine (DMS) 24 to block S1P formation. Using this approach, we show that the important vasoactive modulator angiotensin II (Ang II) exerts its effects on isolated rat carotid arteries at least partly via the ceramide/S1P rheostat in the endothelium. This may be of importance in further understanding the underlying pathophysiology of various vascular diseases associated with endothelial dysfunction, such as atherosclerosis and hypertension.
Methods
For contraction experiments, we used rat carotid arteries. For all other experiments (DAF-2DA NO assay, [Ca 2ϩ ] i measurements, immunoblotting, and real-time quantitative polymerase chain reaction), the bEnd.3 endothelial cell line was used. For detailed methods, please see the online-only supplement, available at http://atvb.ahajournals.org.
Results

Effect of Sphingosine Kinase Inhibition on Vascular Contraction
In the contraction experiments, the mean normalized diameter of a total number of 82 carotid artery preparations was 1028Ϯ8 m. The maximum contraction evoked by KCl (100 mmol/L) amounted to 4.0Ϯ0.5 mN/mm segment length, and there was no significant difference in KCl-induced maximal contractile force between the compared groups. In endothelium-denuded preparations, KCl responses amounted to 2.6Ϯ0.2 mN/mm segment length. DMS (10 mol/L) and VPC 23019 (10 mol/L) had no influence on the pretension of the preparations. Preincubation of the vessels with DMS (10 mol/L) had no significant effect on the potency or efficacy of KCl or phenylephrine ( Figure 1A and 1B). However, DMS induced a leftward shift of the concentrationresponse curve for Ang II (pEC 50 9.11Ϯ0.05 versus 8.57Ϯ0.04 for control; nϭ7 to 8) without significantly affecting the efficacy ( Figure 1C ). To directly compare the results with and without endothelial denudation, data in supplemental Figure IA (available online at http://atvb. ahajournals.org) are normalized to the contractile response obtained by the third 100 mmol/L KCl. Preincubating the vessel with the NOS inhibitor N -nitro-L-arginine (L-NNA) (100 mol/L) mimicked the effect of DMS on Ang IIinduced contraction (pEC 50 9.17Ϯ0.20), although there was a more substantial increase in E max (102.2Ϯ3.7% versus 78.4Ϯ1.7% for control; nϭ7). More importantly, there was no additional effect of DMS when applied simultaneously with L-NNA. Removal of the endothelium resulted in an effect similar to that observed for the Ang II-induced contraction in the presence of L-NNA (supplemental Figure  IA) . Preincubation of the vessel with the S1P 1 /S1P 3 receptor antagonist VPC 23019 (10 mol/L) resulted in a significant increase in E max (3.20Ϯ0.26 versus 2.53Ϯ0.13 mN/mm for control; nϭ6) and a small, although not significant, leftward shift of the curve for Ang II (supplemental Figure IB) . The AT 2 receptor antagonist PD123319 (10 mol/L) did not show any effect (data not shown).
Role of Sphingosine Kinase in Ang II-Induced NO Release In Vitro
Ang II concentration-dependently increased NO production in the bEnd.3 cell line (Figure 2 ). DMS and VPC 23019 had no effect on basal NO production (1.00Ϯ0.10 [nϭ10] and 0.98Ϯ0.07 [nϭ6], respectively). Preincubation of the cells with 10 mol/L DMS or 10 mol/L VPC 23019 inhibited Ang II-induced NO production to approximately basal level. L-NNA 100 mol/L further diminished NO production. As a positive control, Ca 2ϩ ionophore A23187 (2.5 mol/L) induced an NO response of Ϸ2.5-fold of basal, which was not significantly influenced by DMS ( Figure 2 ). The ␣ 1 -adrenoreceptor agonist phenylephrine did not induce NO production in bEnd.3 cells (data not shown). 
Effects of Sphingosine Kinase Inhibition on [Ca 2؉ ] i Changes
Ang II concentration-dependently increased [Ca 2ϩ ] i in the bEnd.3 cell line. Preincubation of the cells with 10 mol/L DMS prevented the Ang II-induced Ca 2ϩ increase completely. The Ang II-induced Ca 2ϩ release was also inhibited by the AT 1 receptor blocker telmisartan (10 nmol/L) but not by 100 nmol/L PD123319, an AT 2 receptor-specific antagonist. Preincubation with 10 mol/L DMS did not influence the Ca 2ϩ ionophore A23187 (2.5 mol/L)-induced increase in [Ca 2ϩ ] i (Figure 3 ).
Role of Akt in Ang II-Induced eNOS Activation
To investigate the role of the PI3-kinase/Akt pathway in Ang II-induced sphingosine kinase activity and subsequent eNOS activation, we stimulated bEnd.3 cells with 100 nmol/L Ang II or 20 ng/mL vascular endothelial growth factor (VEGF) in either the presence or absence of 10 mol/L DMS or the PI3-kinase inhibitor wortmannin (200 nmol/L). In a pilot study we investigated the time dependency of Ang II-induced and VEGF-induced (as a positive control) 25 phosphorylation of Akt and eNOS. This revealed that the maximal phosphorylation occurred at a time point of 2.5 minutes. Ang II (100 nmol/L) induced Akt phosphorylation to an extent similar to that of VEGF, which was inhibited by DMS. DMS had no influence on basal level of Akt or eNOS phosphorylation (data not shown). Ang II (100 nmol/L) induced eNOS phosphorylation, which was also inhibited by DMS. The PI3-kinase inhibitor wortmannin abolished both Akt and eNOS phosphorylation. As a loading control, the bands for the antibody directed against the general protein ␣-tubulin are shown ( Figure 4 ).
Expression of S1P Receptor and Sphingosine Kinase Subtypes in bEnd.3 Cells
The rank order of expression of S1P receptor subtypes in the bEnd.3 cell line, based on the raw Ct values from real-time polymerase chain reaction from 3 independent experiments, was as follows: S1P 1 (29.2Ϯ0.6) ՆS1P 2 (31.5Ϯ0.6) ϾS1P 4 (34.8Ϯ0.5), with S1P 3 and S1P 5 not detectable. SphK2 (29.9Ϯ1.0) was expressed higher than SphK1 (34.9Ϯ0.5). In comparison, the Ct values for the housekeeping genes HPRT1 and GAPDH were 29.4Ϯ0.7 and 21.7Ϯ0.5, respectively. Discussion S1P, sphingosine, and ceramide are interconvertible sphingolipids that have important effects on cellular homeostasis. S1P has been shown to induce cell growth and survival, 7, 8 whereas ceramide and sphingosine, the metabolic precursors of S1P, have been shown to induce apoptosis and growth arrest. 5, 6 Accordingly, the dynamic balance between ceramide and sphingosine versus S1P, referred to as the ceramide/S1P rheostat, is thought to be an important determinant of cell fate. 9 We hypothesized that this rheostat may play a role in vascular contraction and relaxation because S1P, sphingosine, and ceramide are potentially counteracting, vasoactive compounds. 10,11 S1P and ceramide, when applied exogenously or administered in vivo, can have differential effects that may be dependent on the type of vascular bed, species, and/or method used to study vascular contraction and relaxation (eg, in vivo, ex vivo, wire myograph, cannulated vessels). It is still unknown whether physiologically relevant vasoactive factors make use of the rheostat by activating 1 or more of the aforementioned key enzymes to exert their vasoactive effects. Therefore, we investigated the role of the rheostat in agonist-induced vascular responses by inhibition of sphingosine kinase rather than by applying sphingolipids exogenously.
Here we show that the presence of the specific competitive sphingosine kinase inhibitor DMS substantially potentiated the Ang II-induced contractile effect. In contrast, the contractile effects of the ␣ 1 -adrenoceptor agonist phenylephrine or receptor-independent constriction by KCl were unaffected. Early reports state that DMS may act as a protein kinase C (PKC) inhibitor in vitro 26, 27 ; however, Edsall et al 24 have shown that DMS is a specific sphingosine kinase inhibitor in cellular systems at concentrations up to 50 mol/L. A PKC-independent action of DMS in monocytes, at concentrations Ͼ10 mol/L, was reported recently by Lee et al. 28 This is in concurrence with our finding that the PKC inhibitor calphostin C (100 nmol/L) did not affect the Ang II-induced contraction (data not shown). Moreover, when DMS would be a PKC inhibitor in our system, one would, if anything, expect an opposite response (ie, a rightward shift of the concentration-response curve for Ang II and phenylephrine) because PKC activation can be involved in smooth muscle cell contraction. Finally, the fact that the concentrationresponse curves for phenylephrine and KCl are not influenced by DMS supports a specific effect on sphingosine kinase rather than a nonspecific effect on PKC.
The leftward shift of the concentration-response curve for Ang II implies that endogenous S1P, the formation of which is inhibited by DMS, has vasodilatory properties or that ceramide or sphingosine (which may accumulate) have contractile properties in our system. Because NO is the major relaxing factor throughout the vasculature, we investigated whether the leftward shift of the Ang II curve by sphingosine kinase inhibition is attributable to a decrease in NOS activation. Preincubation with the NOS inhibitor L-NNA or removal of the endothelium indeed leads to a similar leftward shift of the concentration-response curve for Ang II. More importantly, DMS in the presence of L-NNA did not further influence the concentration-response curve for Ang II, sug-gesting that a decreased activation of NOS might indeed mediate the leftward shift of the Ang II concentrationresponse curve in the presence of DMS. This implies that Ang II under normal circumstances induces NO production, a phenomenon that also has been shown by others. 29, 30 The fact that L-NNA, in contrast to DMS, also increases the E max of Ang II might be attributable to inhibition of basal NO production by L-NNA ( Figure 2 ). NO production by Ang II has been attributed to both AT 1 and AT 2 receptor stimulation. The lack of effect of the specific AT 2 antagonist PD123319 in the present study indicates that the Ang II-induced NO production is due to AT 1 receptor stimulation, which is in accordance with the findings of Boulanger et al. 31 To show that indeed the Ang II-induced NO production is inhibited by DMS, we measured NO formation directly in cultured vascular endothelial cells. The bEnd.3 endothelial cell line is known to express relatively high levels of eNOS and therefore is highly suitable to investigate relatively small alterations in eNOS activity. 32, 33 Ang II induced a concentrationdependent increase in NO production in the bEnd.3 cell line that could be completely inhibited by DMS and L-NNA. In these experiments, DMS had no influence on the NO production induced by Ca 2ϩ ionophore A23187, indicating that DMS had no nonspecific influences in this assay. These findings suggest that either Ang II-induced S1P production leads to activation of eNOS or that ceramide and/or sphingosine inhibits eNOS activity. The former explanation is not unlikely because it has been demonstrated before that S1P can lead to NO formation through increased eNOS activity in the endothelium, which can be mediated via both intracellular Ca 2ϩ mobilization and phosphorylation of Akt and eNOS. 34, 35 To test the involvement of Ca 2ϩ elevation in Ang IIinduced eNOS activation via endogenous S1P formation, we measured Ang II-induced changes in [Ca 2ϩ ] i in the bEnd.3 cells. [Ca 2ϩ ] i was modestly elevated in bEnd.3 cells after stimulation with Ang II, in a concentration-dependent manner. This rise in [Ca 2ϩ ] i could be inhibited by DMS, whereas the changes in [Ca 2ϩ ] i caused by the receptor-independent influx of Ca 2ϩ by the Ca 2ϩ ionophore A23187 were not affected by DMS, indicating that DMS has no a-specific effect in this assay. The fact that the Ca 2ϩ response for Ang II was inhibited by telmisartan but not PD123319 demonstrates again an AT 1 receptor-mediated effect.
The second major pathway leading to increased eNOS activity is via phosphorylation of Akt and eNOS. Ser 1177 phosphorylation of eNOS by Akt (which can be activated by PI3-kinase) increases the sensitivity of eNOS for the Ca 2ϩ / calmodulin complex by Ϸ10 to 15 times and is therefore an important mechanism underlying increased NO production. Both exogenously applied S1P 17, 35, 36 and Ang II receptor activation 37, 38 have been shown to induce Akt and eNOS phosphorylation in cultured endothelial cells. In the present study, Ang II rapidly (within 2.5 minutes) induced phosphorylation of Akt and eNOS that could be inhibited by DMS. Wortmannin, a specific inhibitor of PI3-kinase, also inhibited phosphorylation of Akt and eNOS induced by Ang II. Therefore, it seems that sphingosine kinase activity is important not only for the mobilization of intracellular Ca 2ϩ but also for the PI3-kinase/Akt pathway in the Ang II-induced activation of eNOS. The latter finding points toward a receptormediated phenomenon, and stimulation of both S1P 1 and S1P 3 receptors has been reported to result in increased NO formation via the PI3-kinase/Akt pathway in cultured endothelial cells. 36, 39 This indicates that it is most likely S1P that increases eNOS activity via 1 or more types of S1P receptors expressed in the endothelium. Interestingly, a similar signaling mechanism has been shown recently for tumor necrosis factor-␣-induced eNOS activation in endothelial cells. In this report, the authors showed that silencing S1P 1 and/or S1P 3 receptors by means of siRNA prevents eNOS activation by tumor necrosis factor-␣. 40 To investigate whether S1P 1 and S1P 3 receptors are involved in the Ang II-induced NO production, we tested whether the novel S1P 1 /S1P 3 receptor antagonist VPC 23019 also augments the contractile effects of Ang II in the rat carotid artery, as seen for DMS and L-NNA. Indeed, VPC 23019, one of the few available S1P receptor antagonists, induced a significant increase in E max and a small, although not significant, leftward shift of the concentration-response curve for Ang II. Moreover, VPC 23019 also inhibited the Ang II-induced production of NO in the bEnd.3 cell line. These data indeed may point toward involvement of S1P receptors, but S1P receptor-independent mechanisms cannot be excluded. A similar sphingosine kinase-dependent formation of NO has recently been shown for the vasodilatory action of acetylcholine, although these effects appeared not to be mediated by S1P receptors. 41 To further investigate the role of S1P receptors, receptor subtypes, or putative intracellular targets, genetic models can be used. With the use of S1P 3 knockout mice, for example, it was recently shown that HDLs, known to carry S1P, and the immunomodulator and S1P receptor agonist FTY720 induce an endothelium-and NO-dependent vasorelaxation via the S1P 3 receptor in vitro and ex vivo. 34, 42 Taken together, these data suggest that activation of the endothelial AT 1 receptor by Ang II leads to a modulation of the sphingolipid metabolism, resulting in increased NO pro-duction. This is most likely the result of increased sphingosine kinase activity leading to increased production of S1P that subsequently stimulates (an) endothelial S1P receptor(s). Via activation of the PI3-kinase/Akt pathway and Ca 2ϩ mobilization, eNOS activity is increased, and the resulting NO formation counteracts the Ang II-induced smooth muscle cell contraction ( Figure 5 ). This counteracting effect may be of importance under pathological circumstances with reduced bioavailability of NO such as atherosclerosis and hypertension. Moreover, disturbed regulation of the ceramide/S1P rheostat (eg, reduced sphingosine kinase activity) may be another mechanism leading to reduced NO bioavailability and endothelial dysfunction
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None. Figure 5 . Overview of the suggested role of the ceramide/S1P rheostat during Ang II-induced vascular contraction. AT 1 receptor activation in the endothelial cell leads to endogenous formation of S1P via activation of sphingosine kinase (SphK). This subsequently leads to activation of eNOS involving both release of intracellular Ca 2ϩ and phosphorylation of Akt and eNOS via the PI3-kinase pathway. The resulting formation of NO has a counterbalancing effect on the Ang II-induced contraction in vascular smooth muscle.
